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FIG. 2A
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FIG. 6B
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1
OPTICAL DEVICE WITH QUANTUM WELL

BACKGROUND OF THE INVENTION

This application claims the priornity of Korean Patent
Application No. 2003-1609, filed on Jan. 10, 2003, in the
Korean Intellectual Property Oflice, the disclosure of which
1s incorporated herein in its entirety by reference.

1. Field of the Disclosure

The present disclosure relates to an optical device with a
quantum well, and more particularly, to an optical device
with a quantum well with improved luminous efliciency and
reliability.

2. Description of the Related Art

A quantum well 1s a structure formed by inserting
between two different semiconductor layers a thin semicon-
ductor layer having an energy bandgap much smaller than
those of the two semiconductor layers. Carriers such as
clectrons or holes are confined 1n the quantum well by
energy barriers. Studies on the quantum well have been
actively conducted because an optical device with the quan-
tum well can generate a large amount of light even at a small
driving voltage.

FIGS. 1A and 1B are diagrams of a quantum well struc-
ture 1n a conventional optical device before and after apply-
ing a driving voltage, respectively.

Referring to FIG. 1A, an optical device comprises first
and second barrier layers D and D' having high conduction
band energy and low valence band energy, and an active
layer E formed between the first and second barrier layers D
and D' and having lower conduction band energy and higher
valence band energy than the first and second barrier layers
D and D'. Before applying a driving voltage, the conduction
band energy of the active layer E corresponding to the
bottom of the quantum well structure exhibits a constant
energy level.

When driving voltage 1s applied, electrons and holes are
rearranged so that the quantum well structure has an asym-
metrical distribution of electrons and holes, as shown 1n
FIG. 1B. Reterring to FIG. 1B, the conduction band energy
and the valence band energy of the active layer E change
linearly with a slope. In this case, most electrons and holes
are respectively distributed 1n the conduction band quantum
well and the valence band quantum well 1n such a way to
face each other diagonally, thereby decreasing the recom-
bination etliciency of electrons and holes.

In particular, 1n an optical device 1n which an active layer
having a quantum well structure 1s made of a GainNAs
semiconductor material, N and In do not easily grow into a
crystal due to unstable combination. Also, due to the addi-
tion of N, luminous efliciency and lifetime may be lowered.

SUMMARY OF THE INVENTION

The present invention provides an optical device with a
quantum well which 1s improved 1n luminous efficiency.

According to an aspect of the present invention, there 1s
provided an optical device comprising: an active layer made
of a Group III-V semiconductor compound and having a
quantum well of a bandgap grading structure in which
conduction band energy and valence band energy change
linearly with a slope with the content change of predeter-
mined components while an energy bandgap between the
conduction band energy and the valence band energy is
maintained at a predetermined value; and two barrier layers,
one of which 1s positioned on an upper surface of the active
layer and the other 1s positioned on a lower surface of the
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active layer, and which are made of a Group III-V semi-
conductor compound and have higher conduction band
energy and lower valence band energy than the active layer.

The active layer may be made of Ga,_In N As, , where
O<x<1 and O<y<1. The predetermined components may be
In and N. Preferably, 0<x=0.3 and O<y=0.2.

The barrier layers may be made of Al Ga,_ As where
O<x<l1.

An mtermediate layer may be interposed between the
active layer and each of the barrier layers to reduce a
compressive strain. The mtermediate layer may be made of

Ga,_In_As where 0<x<0.6 or GaN_ _As,_ where O<x<0.1.

The energy bandgap of the active layer may be maintained
at 1 eV or less. The difference between the highest valence
band energy and the lowest valence band energy of the
active layer may be 0.3 €V or more. The barrier layers may
have an energy bandgap of 1.2 to 3.4 eV.

According to another aspect of the present invention,
there 1s provided an optical device comprising: two active
layers formed one onto the other, made of a Group III-V
semiconductor compound, and having a quantum well of a
bandgap step structure in which conduction band energies
and valence band energies have diflerent energy levels while
energy bandgaps between the conduction band energies and
the valence band energies are maintained at a predetermined
value; and two barrier layers, one of which 1s positioned on
an upper surface of one of the active layers and the other 1s
positioned on a lower surface of the other active layer, and
which are made of a Group 11I-V semiconductor compound
and have higher conduction band energy than the highest
conduction band energy of the active layers and lower
valence band energy than the lowest valence band energy of
the active layers.

The active layers may be made of In Ga, As where
O<x<1 and GaN _As,__ where O<x<1, respectively. The bar-
rier layers may be made of Al Ga,__As where O<x<].

Intermediate layers may be interposed between one of the
active layers and one of the barrier layers and between the
other active layer and the other barrier layer. The interme-

diate layers may be made of Ga,_ In_As where 0<x<0.6 or
GaN, _As,_. where 0<x<0.1.

The energy bandgaps of the active layers may be main-
tamned at 1 €V or less. The difference between the valence
band energies of the active layers may be 0.3 eV or more.
The barrier layers may have an energy bandgap of 1.2 to 3.4
eV.

An optical device according to the present invention has
a bandgap grading structure so that the conduction and
valence band energies of a quantum well have a predeter-
mined linear slope, or alternatively, has a bandgap step
structure using a plurality of active layers. Therefore, elec-
trons and holes can be symmetrically distributed when a
driving voltage 1s applied. Consequently, the recombination
rate of electrons and holes increases, thereby enhancing the
luminous efliciency and reliability of the optical device.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features and advantages of the
present invention will become more apparent by describing
in detail exemplary embodiments thereof with reference to
the attached drawings in which:

FIG. 1A 1s a schematic diagram of a quantum well
structure of a conventional optical device before applying a
driving voltage;
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FIG. 1B 1s a schematic diagram of a quantum well
structure ol a conventional optical device after applying a
driving voltage;

FIG. 2A 1s a schematic diagram of a quantum well
structure of an optical device according to a first embodi-
ment of the present invention before applying a driving
voltage;

FIG. 2B 1s a schematic diagram of the quantum well
structure of an optical device according to the first embodi-
ment of the present invention after applying a driving
voltage;

FIG. 3 1s a schematic sectional view of an optical device
according to the first embodiment of the present invention;

FIG. 4 1s a schematic diagram showing a principle of a
conduction band energy shiit in an optical device according
to the first embodiment of the present invention;

FIG. 5 1s a schematic diagram of a quantum well structure
of an optical device according to a second embodiment of
the present invention;

FIG. 6A 1s a schematic diagram of a quantum well
structure of an optical device according to a third embodi-
ment of the present invention before applying a driving
voltage;

FIG. 6B 1s a schematic diagram of the quantum well
structure of an optical device according to the third embodi-
ment of the present invention after applying a drniving
voltage; and

FIG. 7 1s a schematic sectional view of an optical device
according to the third embodiment of the present invention.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

Hereinatter, optical devices according to embodiments of
the present invention will be described in detail with refer-
ence to the accompanying drawings.

FIG. 2A 1s a schematic diagram of a quantum well
structure of an optical device according to a first embodi-
ment of the present invention. Referring to FIG. 2A, the
conduction band energies and the valence band energies of
two barrier layers D and D' have constant energy levels and
are separated from each other by the constant energy band-
gap. An active layer E 1s positioned between the two barrier
layers D and D'. The conduction band energy and valence
band energy of the active layer changes linearly with a slope.
Such a quantum well structure of the active layer E 1s
designated a bandgap grading structure. Here, the active
layer E has the same energy bandgap (Eg) at all positions
and the same band offset (A E) at the energy bands.

FIG. 2B shows the quantum well structure of an optical
device shown 1n FIG. 2A after applying a driving voltage.

Referring to FIG. 2B, unlike the quantum well structure
shown 1n FIG. 2A, the conduction and valence band energies
of the barrier layers D and D' change linearly with a slope.
The conduction and valence band energies of the active layer
E have constant energy levels. This quantum well structure
1s 1n contrast with the quantum well structure exhibiting the
asymmetrical distribution of electrons and holes after apply-
ing a driving voltage 1n the conventional optical device as
shown in FIG. 1B. That 1s, when a driving voltage 1s applied
in the quantum well structure shown i FIG. 2A, electrons
move toward the barrier layer D' and holes move toward the
barrier layer D', as shown 1n FIG. 2B. As a result, electrons
and holes are distributed symmetrically. Due to such a
symmetrical distribution of electrons and holes, the elec-
trons and holes can easily recombine, thereby enhancing
luminous efliciency.
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FIG. 3 1s a schematic sectional view of a light emitting
diode (LED) as an example of an optical device having the
quantum well structure shown 1n FIG. 2A according to the
first embodiment of the present invention.

A bufler layer 2 1s formed on a substrate 1 and a first
compound semiconductor layer 3 1s formed on the bufler
layer 2. The first compound semiconductor layer 3 1s made
of an n-type, Group III-V compound. An n-type electrode 8
1s positioned on a step surface of the first compound semi-
conductor layer 3. A first barrier layer 4, an active layer 5,
and a second barrier layer 6 are sequentially formed on the
first compound semiconductor layer 3. A second compound
semiconductor layer 7 made of a p-type, Group III-V
compound 1s formed on the second barrier layer 6. A p-type
clectrode 9 1s formed on the second compound semiconduc-
tor layer 7. Here, 1n a case where the first barrier layer 4 1s
made of an n-type, Group III-V compound and the second
barrier layer 6 1s made of a p-type, Group I1I-V compound,
the active layer 5 1s made of a nitrogen-containing, Group
III-V compound. The active layer 5 has a bandgap grading
structure.

FIG. 4 illustrates a method of forming the quantum well
structure shown 1n FIG. 2A. For this, the first and second
barrier layers 4 and 6 are made of GaAs.

Referring to FIG. 4, the Y-axis 1s designed so that band
energy increases in the positive Y-axis direction. The X-axis,
perpendicular to the Y-axis, 1s designed so that a compres-
sive strain increases in the positive X-axis direction and a
tensile strain increases in the negative X-axis direction, on
a basis of the GaAs. The negative X-axis shows the energy
change and position of the valence and conduction bands of
GaNAs relative to GaAs. On the other hand, the positive
X-axis shows the energy change and position of the valence
and conduction bands of GalnAs relative to the GaAs. The
conduction band energy of the GalNAs increases in the
direction of the positive X-axis, 1.e., with decreasing the
content of N. The conduction band energy of the GalnA
decreases 1n the direction of the positive X-axis, 1.e., with
increasing the content of In.

In the graph of the GalnAs, the In content of the GalnAs
at a pomnt C' 1s maximal and the In content of the GalnAs at
a point A'1s minimal. When N 1s incorporated to the GalnAs,
the conduction band energy shifts from A' to A, from B' to
B, and C' to C. That 1s, when predetermined amounts of In
and N are incorporated to the GaAs, an energy band with a
linear slope can be obtained, as shown i1n FIG. 4. At this
time, the valence band energy also changes linearly with a
slope. Therelfore, the energy bandgap between the conduc-
tion and valence bands 1s maintained at Eg. Preferably, an
optical device comprises an active layer made of an N-con-
taining (0 to 10%), In Ga,_ As where O<x<1 and a barrier
layer made of Al _Ga,__As where O<x<].

Turning to FIG. 2A, when the content of N varies within
the range of 0 to 20% 1n the InGaAs containing 30% In, the
band ofiset (A E) 1s about 0.3 ¢V and the energy bandgap
(Eg) 1s 0.95 eV. At this time, the energy bandgaps of the
barrier layers D and D' may be set to a range of 1.2 to 2.4
¢V, preferably 1.424 to 3.14 e¢V. The A E and Eg of the
GalnNAs active layer may be selected from 0.3 €V or more
and 1.0 eV or less, respectively.

When appropriate amounts of In and N are incorporated
to the GaAs with gradually varying the amounts of In and N,
an optical device having the conduction and valence band
energies of the active layer with a desired linear slope can be
obtained. However, 1n an optical device according to the first
embodiment of the present invention, a sharp energy change
may occur at poimnts at which the conduction and valence
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bands of the barrier layers meet with those of the active
layer, thereby generating a compression strain and a tensile
strain. Due to such undesired strains, an optical device may
have structural defect causing deterioration of luminous
characteristics. In order to solve this problem, a new quan-
tum well structure 1s shown 1n FIG. 3.

FIG. 5 1s a schematic diagram of a quantum well structure
of an optical device according to a second embodiment of
the present invention.

Referring to FIG. 5, 1n an optical device according to the
second embodiment of the present invention, an active layer
E made of InGa, N As,  where O<x<l and O<y<l 1s
interposed between first and second barrier layers D and D
made of Al _Ga,_ As where O<x<1. Intermediate layers 22a
and 22b are respectively interposed between the active layer
E and the first barrier layer D and between the active layer
E and the second barrier layer D'. The intermediate layers
may be made of In,Ga,_, As where 0<x<0.6 to reduce a sharp
change of a compressive strain between the barrier layers
and the active layer. Alternatively, the intermediate layers
may be made of GaN_As, _ where O<x<0.1 to compensate
for the compressive strain of the active layer, thereby
preventing the degradation of the active layer due to a
compressive strain.

FIG. 6A 1s a schematic diagram of a quantum well
structure of an optical device according to a third embodi-
ment of the present invention before applying a driving
voltage. Generally, an InGaNAs active layer has problems in
that the interaction of In and N 1nhibits a crystal growth and
the 111c0rp0rat10n of N induces discharge of In, thereby
causing a shift to a shorter wavelength band. In this regard,
an optical device according to the third embodiment of the
present invention comprises an InGaAs active layer E and a
GaNAs active layer E' that are separately formed and a
quantum well structure having an energy step between the
two active layers E and E'. In the quantum well structure
with an energy step, the two active layers E and E' have the
same energy bandgaps between the conduction and valence
band energies but different conduction and valence band
energies.

Referring to 6 A, an optical device according to the third
embodiment of the present invention comprises the first and
second active layers E and E' which have different conduc-
tion and valence band energies. The first active layer E 1s
made of GaN_As,_ where O<x<1 and the second active layer
E' 1s made of In Ga,_ As where O<x<1. Although the first
and second active layers E and E' have diflerent conduction
and valence band energy values, the energy bandgaps
between the conduction bands and the valence bands are
maintained constant as Eg.

FIG. 6B 1s a schematic diagram of the quantum well
structure of an optical device according to the third embodi-
ment of the present invention after applying a driving
voltage. Referring to FIG. 6B, all of the two barrier layers
D and D' and the two active layers E and E' have the
conduction and valence band energies of a predetermined
linear slope. However, unlike the conventional quantum
well structure shown 1n FIG. 1B, since the quantum wells of
the active layers E and E' form a bandgap step structure, the
degree of an asymmetric distribution of electrons and holes
decreases.

FIG. 7 1s a schematic sectional view of a LED as an
example of an optical device having the quantum well
structure shown 1 FIG. 6 according to the third embodi-
ment.

Referring to FIG. 7, a buller 12, a first compound semi-
conductor layer 13, a first barrier layer 14, an active layer 15,
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a second barrier layer 16, and a second compound semicon-
ductor layer 17 are sequentially formed on a substrate 11. An
n-type electrode 18 1s formed on a step surface of the first
compound semiconductor layer 13. A p-type electrode 19 1s
formed on the second compound semiconductor layer 17.
Such a structure of an optical device 1s similar to that 1n the
first embodiment of the present invention. However, this
embodiment 1s different from the first embodiment 1n that
the active layer 15 consists of first and second active layers
15a and 156 made of different materials.

As described above, due to unstable combination of In
and N, In and N are less likely to grow into a crystal
structure. In this regard, the first active layer 15a 1s made of
InGaAs obtained by incorporation of In to GaAs and the
second active layer 156 1s made of GaNAs obtained by
incorporation of N to GaAs. Semiconductor layers except
for the active layer 15 may be made of the same or similar
compounds as used 1n an optical device according to the first
embodiment of the present invention.

In an optical device having the quantum well structure
according to the third embodiment of the present invention,
a slight crystal growth due to unstable combination of In and
N can be solved. Further, when a driving voltage 1s applied,
the degree of an asymmetric distribution of electrons and
holes decreases, thereby enhancing luminous efliciency.

As 1s apparent from the above description, an optical
device of the present invention has a quantum well of an
energy bandgap grading structure or an energy bandgap step
structure. Theretore, electrons and holes are symmetrically
distributed, thereby increasing the luminous efliciency of the
optical device. Furthermore, a driving voltage decreases and
the reliability of the optical device 1s enhanced.

While the present invention has been particularly shown
and described with reference to exemplary embodiments
thereof, 1t will be understood by those of ordinary skill in the
art that various changes in form and details may be made
therein without departing from the spirit and scope of the
present invention as defined by the following claims.

What 1s claimed 1s:

1. An optical device comprising:

an active layer made of a Group III-V semiconductor
compound and having a quantum well of a bandgap
grading structure 1 which conduction band energy and
valence band energy change linearly with a slope with
the content change of predetermined components while
an energy bandgap between the conduction band
energy and the valence band energy 1s maintained at a
predetermined value; and

two barrier layers, one of which 1s positioned on an upper
surface of the active layer and the other 1s positioned on
a lower surface of the active layer, and which are made
of a Group III-V semiconductor compound and have
higher conduction band energy and lower valence band
energy than the active layer,

wherein the active layer 1s made ot Ga;_ In N As,  where
O<x<x1 and O<y<l and wherein the predetermined
components are In and N.

2. The optical device according to claim 1, wherein
0<x=0.3.

3. The optical device according to claim 1, wherein
O<y=0.2.

4. The optical device according to claim 1, wherein the
barrier layers are made of Al Ga,_ As where O<x<].

5. The optical device according to claim 4, wherein the
barrier layers have an energy bandgap of 1.2 to 3.4 eV.
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6. The optical device according to claim 1, wherein the
energy bandgap of the active layer 1s maintained at 1 eV or
less.

7. The optical device according to claim 6, wherein the
difference between the highest valence band energy and the
lowest valence band energy of the active layer 1s 0.3 €V or
more.

8. The optical device according to claim 1, wherein an
intermediate layer 1s interposed between the active layer and
cach of the barrier layers to reduce a compressive strain.

9. The optical device according to claim 8, wherein the
intermediate layer 1s made of Ga,_In As where 0<x<0.6.

10. The optical device according to claim 8, wherein the
intermediate layer 1s made of GalN_As,_ where 0<x<0.1.

11. The optical device of claim 1, wherein the content
change of the predetermined components causes the con-
duction band energy and valence band energy to be constant
under a driving voltage.

12. An optical device, comprising:

an active layer made of a Group III-V semiconductor

compound and having a quantum well of a bandgap
grading structure 1n which conduction band energy and
valence band energy change linearly with a slope with
the content change of predetermined components while
an energy bandgap between the conduction band
energy and the valence band energy 1s maintained at a
predetermined value;
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two barrier layers, one of which 1s positioned on an upper
surface of the active layer and the other 1s positioned on
a lower surface of the active layer, and which are made
of a Group III-V semiconductor compound and have
higher conduction band energy and lower valence band
energy than the active layer; and

an 1termediate layer 1s interposed between the active
layer and each of the barrier layers to reduce a com-

pressive strain.

13. The optical device according to claim 12, wherein the
active layer 1s made of Ga,_In N As,  where O<x<I and
O<y<]1 and the predetermined components are In and N.

14. The optical device according to claim 13, wherein
0<x=0.3.

15. The optical device according to claim 13, wherein
O<y=0.2.

16. The optical device according to claim 13, wherein the
barrier layers are made of Al Ga,__As where O<x<]1.

17. The optical device according to claim 12, wherein the
intermediate layer 1s made of Ga,_ In _As where 0<x<0.6.

18. The optical device according to claim 12, wherein the
intermediate layer 1s made of GaN _As,_ . where 0<x<0.1.
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